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I 'Corrosion inhibitog essential oilwas also studie@he obtained results indicated that AAEO has a g
I IMild steel, inhibiting effect. The protection efficiency increases with increasing AAE!
IIGC-MS, concentration reachag to83.9%. Howeverthe inhibition efficiency of essential oi
! IPolarization, slightly decreases wittherise oftemperature. Tafel polarization examination indicat
I IEIS, that AAEO acts as a mixetype inhibitor with predominance anodic action. Tt
I IAdsorption isotherms. Nyquistimpedance pls presented a depressed capacitive loop attéguency range
followed by a weldefined inductive loop at loMrequency range-lowever,he Nyquist
bensouda@yahoo.com plots were analyzed by fitting the experimental data tagpropriate equivalent circuit
Phone: +212654649017 The adsorptiorof AAEO on mild steel surfacebeyed toLangmuir isothermmodel

SEM micrographsonfirmed the existence of a protective adsorbed &hmthe mild
steel surface

1. Introduction

Currently, theinvestigationof mild steel corrosiomechanisma has becoma principalacademic and industrial
subject, particularly in acidsolutiors[1]. This is because @&nlargedndustrial applications of the aéidmedia

The principal fields of utilizatiorare industrial acid descaling, acid pickling, cleaning of boilers and hee
exchangers, the petrochemical processes, and sdpearationswhich are usually accompanied by acid
consumption and considerable dissolution of the mild steel. The hydrochladis@ation is one of the most
aggressive media and frequently used in indy&kyConsequently, the rate of corrosion at which mild steel is
ruinedin HCI solution is very important, particularly when soluble corrosion products are fonmegksitating
the usageof corrosion inhibitors to reduce the corrosiotaak on the metal surface. A corrosion inhibitor is a
chemicalcompoundor combination otompoundghat, whenintroducingin the appropriateconcentration and
forms in the environment, reduces corros[BhVarious of synthetic compounds used in industrys leen
referred assuccessfulcorrosion inhibitors which mainly contain multiple bonds in the molecule, long alky
chains, aromatic rings and heteroatoms suabxggen sulfur, anchitrogenwhich they act by adsorption on the
metallic surfacg4b7]. Besides, the molecular weight of synthetic inhibitors, phoject surface area and the
number of heteroatomgperformed an essential role in calculating their inhibition efficiency [8].
Althoughnumerous synthetic compoundspresentedgood anticorrosive action the majority of them are
consideredpoisonouso humans and the environmeni®]. However, as a result of ecological risks,
expandingonsciousnessf health and their high costpnsideratioris being drawn towarddiscoveringnovel,
cheaper, highly efficient, enwinmentally friendly and noepoisonousinhibitors. In recent yearsyegetal

Bensoudaet al., J. Mater. Environ. Sci., 20189 (6), pp. 18511865 1851



inhibitors also called ©e-friendly or green inhibitorsOhas revived more attention because they are
ecologically and environmentally acceptable, renewable sources of matagafsemsive, and readily available.
Indeed, ecdriendly inhibitors can be used as purified substdto12], plant extracf13,14] and essential oil
[15B17]. All of this green corrosion inhibitors @ beenconsideredto be efficient corrosion inhibitors for
metals in acidic media.

The objectof this study is devoted to investigating the inhibition effecthefArtemisia Abrotanum Essential
Oil, denoted hereafter (AAEO), and not reported to our knowledge, on the mild steel corrosion inhibitior
normal hydrochloric solution (1 M HE In this regard, the aerial parts of Artemisia Abrotanum collected from
Tinghir (south of Morocco), wagshosenfor this investigation The extraction of AAEO is realized by
hydrodistillationutilizing a Clevengetype apparatus. The chemical compositd®AEO has been established
utilizing gas chromatography (GC) and gas chromatographys spectrometry techniques (IS). The
present worldescribeghe detailednvestigatingof the inhibition effect of AAEO on the corrosion behavior of
mild steel surdice inthe corrosive environmentl(M HCI) at 303 Kutilizingweight loss electrochemical as well
as ScanningElectron Microscopy (SEM) techniques. Thedfect of temperature on the corrosion rated the
adsorption were alsstudiedin detail.

2. Materials and methods

2.1. Material andspecimengreparation

The mild steel was used as a study material with the following weight percentage chemical composition: (0.:
C, 0.01% Al, 0.09% P, 0.38% 9,05% S,0.05% Mn andestFe) are used. For gravimetric messments,
corrosion inhibition study was performed using coupons measuring with a rectangle !fah®.05 cni
prepared from mild steel whereas coupons measuring of si2ed®5 cni with 1 cnf exposed surface were
utilized asWorking Electrode(WE) for electrochemical measurements. The mild stpetimensveregrinding
progressivelywith emerge papesiC, from 60 to 2000 grade. Then, thamplesvere cleaned by washing with
bidistilled water, defatted by absolute ethanol and dehydrated with acdtd88 K before being immersed into
the corrosive media so that all samples were in similar condition.

2.2. Inhibitor

The aerial parts dry of Artemisia Abrotanum wedéogetherwashed with bidistilled watesplit into small
portions then extracteditilizing a Clevengetype apparatugas indicatedn the Europeanpharmacopeid8].
AAEQ yield was expressed in mL/ 100 g of dried vegetal material. The yield of the essential oil was app
1.16%.

About 2" L of the essential oil with4hexane was analyzed to Gas Chromatogragiiass Spectrometry (type
QP2010 Shimadzol) analysis by Trace gas chromatography /Polaris Q (Gas Chromatograptass
Spectrometry, Therm&lectron ). The column of gas chromatographic used the helium as mokiteph is a
95% dimethypolysiloxane and 5% phenyl with a length of 30 m, a layer thickness of 0.25 um, and an intel
diameter of 0.24 um.

2.3. Medium
The corrosivesolution, 1 M HCI wasbtainedby dilution of an analytical chemical reagent grade 3HGl|
(Merck ) with doubly distilledwater. The concentration ranges of AAEO uses 05t0 2 g L™

24. Gravimetric method

The gravimetric experimentsere realizedin a doublewalled glass cell containin§0 mL of the corrosive
solutiorwith andwithout diverseconcentrations of essential oil. The doublalled glass cell wasonservd in
an air thermostat maintained 303 K The apparent surface area afuponsused was of @& cnm’ and the
immersion time was 6 Tihe gravimetricesultsof each coupon werdetermine before and afteexperiments
in the inhibited and uninhibited mediunsingan analytical balancexactnes40?® g). Every value is the means
of triplicate tests The inhibitionefficiency (3w %) for the gravimetric method istudiedusing corrosion rates
(Weorr) according to following Equation 1:

W, - W,
My Yo =| —L—1 | 100 1)

whereW, andWnare thecorrosion ratesf asampldn the absence and presence of AAEO.

2.5. Morphological investigation
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Morphology of metal surface after its exposure todteosivesolution (1 M HCl)with and without2 g L™ of
AAEO for 24 h wasobserveddy Scanning Electron Microscopy (SEfghnique The SEM micrographs were
taken using a FEI Quant200 instrument.

2.6. Electrochemical techniques

Electrochemical Impedance Spectroscopy (EIS) measurements arféotigtiodynamic Polarization (PP)
study, were utilized using a BieLogic potentiostat piloted by ECab software. All electrochemicatkests
wererealizedin a conventional three electrodes electrochemical cell at 303 K with a coupwtaiftilized as
WE, a Saturated Calomel Electrode (SCE) was used as the reference electre@dplatimum electrode as
the auxiliary electrode. Moreover, WE is the same tare asheir used for gravimetric
measurementdowever WE was vertically immersed in the study solution and aftartinganOpen Circuit
Potential (OCP) for a period of 0.5 hours to achieve stable corrosion potelilal;) value, the
electrochemicammeasurements were performed.

PPcurves werecarried outfrom -900 mVsce to -100 mVsce With respect toEgr at a scan rate of hV/s. The
calculated anodic Tafel linegs and the linear Tafel segments of the experimental cathodic cutyegefe
extrapolated to the point of intersection to obtBig.andcorrosion current density.{)[10]. Theinhibiting
efficiency @rae) value for the Tafel method is calculated as according toEquation 2:

ot 0 = (1 _ |clorr/|nh ) %100 (2)

corr
wheré ., represent the corrosion current density valwihout AAEO and icminn iS the corrosion current
density values witihAEO.
icorinn @Ndigor have been determined by only the cathodic polarization graepoints 200 mV more negative
thanEgor[19].
TheLinear PolarizationResistance (LPR) was done by recordi§ in different inhibitor concentrations from
#15 to +15mVscearound corrosion potential (open circuit potential) by 1 mV/min scan rateRJvedues can
be measured by calculating the slope of the linear part of cypodential plots (Stern & Geary20] according
to the following Equation 3:

dE
R, 3
(), ©

wheredE is the difference in applied potentfals the surface area afild stee] anddi is the difference in the
current density. However, thgrotectionefficiency sec%) for LPR techniqueis calculatedbyRyusing the
relationship4:

Nsaco = (1_

whereRyinnis the polarisation resistance valueghe presence @ssential oilandR,is is the polarisation resistance
valuesin theabsencef essential oil

EIS measurements werealizedutilizing a transfer function analyzeBip-Logic potentiostal, by a minor
amplitude ac. signadf 10 mV rms over a frequencgpectrumfrom 100,000 Hz to 0.01 Hz at 303 K on air
atmosphere with ten points per decattmwever,daptop controlled the measurement®nductedat rest
potentials after0.5 h of immersionatE.,,. The impedangaots were given in theBode andNyquist
representationg-urthermoreEIS data were analyzed and fitted with ZVie®.80 software.

p/inh

]xlOO (4)

3. Results and discussion

3.1.Essential oil composition

In the present study, 30 volatile organic components from AAEO were identified throuBkSs@nalysis
(Figure1).
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Figurel: Gaschromatography and gas chromatograpmass spectrometry AAEO spectre.

Characteristics of the identified components such as ttieimical nhame and percentage among the total
compounds of AAEO are presented in Table 1.

Table 1:Composition ofAAEO.

Constituent % Constituent %

Chrysanthenone 28.10 Thujyl nec3-acetate  0.57
Camphor 26.67 Trans myrtanol 0.56
$-thujone 9.26 $ -terpin-7-al 0.46
$-pinene 6.07 $-thujene 0.45
%thujone 5.60 $-acetateterpinyl 0.42
%elemene 3.86 Trans piperitol 0.40
Trans%terpineol 3.17 D-germacrend-ol 0.37
Germacrene 3.15 Myrcene 0.31
Trans%dihydroterpineol 1.80 $-terpinene 0.25
$-munrolene 1.41 $-caryophyllene 0.25
Terpin4-ol 1.39 $-terpineol 0.24
Limonene 1.17 &terpinene 0.21
Davanone 1.13 Camphene 0.16
%pinene 1.09 Cis-%dihydroterpineol 0.15
Neo-iso-acetate isopulegol 0.61 Tricyclene 0.14

It is clear from Table 1 thatmong the total compoundShrysanthenongas the major compound identified in
the essential oil (28.10%). kige2 presentedhe chemical structures of the major abundant compound:
containing in the essential oil.
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Figure 2: Chemical structures of the major compounds of AAEO.

3.2.Gravimetricand SEM study

The gravimetricmonitoring byW;.randsw. is advantageous because of the simplicity of the method doés
not do require very expensive equipmelmdeed, the weight loss experiments have been utilizechdnyy
researchef5,10]. The value of W randny have giveby the gravimetricmethod using Equation 1 diverse
concentrations of AAE@ndaftersix hoursof immersion iorrosive solutiofM HCI) at 303 K are shown in
Figure 3.
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Figure3:Relationship betweeroerosion rat&/..-and inhibiting efficiencyw, of electrodeexposed for 6 h in 1
M HCI atdifferentconcentrations of AAEO and at 303 K.

It is evidentfrom Figure 3 that, W, decreases sharply withe risein AAEO concentrationwhereaghe values

of nwamelioratingwith increasing AAEO and the maximum value reaches 83.14%. These results designate
AAEO maysuccessfullyprotecmetal from dissolving in theaggressivemedia and the essential oil &n
effectivecorrosion inhibitor for mild steel in 1 M HGlolution However, thegroductivity effectof essential oil
may be ascribed to the adsorption of essential oil compounds ahebed surface[21]. Elementsas Oxygen
with a free pair of electrons as well as theelectrons in the major compounds of AAEO (Hig2) might
support electron contribution to the vacararbital of iron atoms, and so, the adsorption of the essential olil i
favoured[22]. Moreover theexistenceof the protonateélementsfor example, oxygenanreceive the electro
from iron atoms [19]. The adsorption of tegsential oilcompoundm theliberatedsites or new sites produced
by corrosion kinetics of metal results in the creation of the protective film on the metal surface, which isol
metal surface from the agggsivesolutiorf23]. Additionally, a covering phenomenormightikewise occur
between AAEO molecules and corrosion products, which can obstruct the diffusion processes of the corr
substanceto the surface ofild stee]24]. However, it is difficult to identify a particular component of AAEO
responsible for the observed inhibition of timhibitor but the adsorption can do a synergistic effect of all
molecules. The combined effect of all the compounds of AAEO contributes to this effeiteetionof the
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corrosion ofmetal surface inaggressive solutiod HCI)[25].The highresolution SEM images (50m) of a
metal surfacén 1 M HCI solutionwith and withou? g L of AAEO after 24 hof immersion aregiven in
Figure 4.

Figure 4:SEM images of theelectrodesurface: §) electrode surfaceon- treated(after being polishednly),
(b) electrodesurfacefor 24 h immersion in 1 M HCI and) electrodesurfacefor 24 h immersion in 1 M HCI
+2 g L' of AAEO.

The surface morphology given Figure4a showed the SEM micrograph for the #icrated specimen of the
metal surface. Thisesultis recordechitherfor the comparison with those of corroded specimdoreover we
have observed mechanical damage probpldgucedoy abrading scratchen the electrode surfackdeed, as
it has appeared in Rige 4b, the metal surfads extremelydamageddue to theelectodedissolution in1 M
HCIl. Therefore, he surface of the metal is greatly porousHowever, the morphology of metal
surfaceisonsiderablychangedvhenadditionessential oito the aggressivemedum[26]. As shown in Figre 4
c the dissolution rate of metal surface significangiguced, a relatively smoother and less corroded astamk
up by thepresencef a protective film on thelectrodesufacq27]. Thebest protectiors seen in the presenge
g L' of AAEO (Figure 4c)comparedo thatobserved in Figre 4b Sothat the electrodesurface is protected
counterthe attack of the aggressive environment by this adsorption filnWaqds considerablyreduced, in the
presence oAAEO. However, these results could support higher inhibition efficiency of AfBD

3.3. Potentiodynamic polarization study

PP measurements have besifized in order toobtained morénformation about the kinetics of tteodic and
cathodic reactions The influence of essential oil concentration on ttenodic andcathodic polarization
behaviourof working electrodein a normal hydrochloric soluti@ontaining various amounts of corrosion
inhibitor has been investigated by PP measurements and the registered Tafel ploteraire Figure 5As a
matter of factthe anodic curveepresenthe iron dissolution reaction wherethe cathodicurvesrepresetthe
hydrogen evolution reactif?9].As can be seen from Rige5, the addition of AAEO reducedecathodic and
anodic current density in the concentratameafrom0.5to 2 g L™ and consequently hinders the acid attack of
electrode irthe aggressive mediyB0]. The reduction ifisr, and relatedV.,r pronounces more and more with
the increasing AAEO concentratiofB1]. However, Ecr Of mild steel nearly remains constant at the
concentration range studied, there is a slight shift towards more positive potentials at higher concentrations
respect to th corrosion potentialetectedn the blank.
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Figure5:PP curves of mild steel in the corrosive solution (1M HCI) containing various concentrations of
AAEO.

On theone hand, the cathodi@afel curvesoffering rise to parallel lines designate that tinéroduction of
essential oil to the corrosiveediumdoesn'tchangethe mechanism of théydrogen evolutiomeactionand the
reduction of H ions at the metaitestakes placerincipallybya charge transfer mechani$g®2]. On the other
hand the anodic polarization curves don't display a considerable duafed maybe becausef the existenceof
the impuritiesor corrosionproducts to form a noepassive filnonthe electrodesurface The presence of such
impurities and the deposition of corrosion products destlt in a welldefined experimental anodic
Tafelcurves[33]. Thereforethe cathodic polazation curves are favoredyersustothe anodic ones for
obtaininder utilizing the Tafelextrapolation method. It can be remarked fronuFédp that the forms of the PP
curvesin presence of inhibit@re not considerably different fromisn absenceofinhibitor. The presence of
AAEO decreasé\,,, but doesn't modify other aspects of the behavior. This implies that Addeén'tmodify
the electrochemical reactions responsibledmrosion. Based on the positive shifE.,; and the decrease of
the cathodicand anodiccurrent density after addition AAEO imggressivamedium we camoncludethat the
inhibitor compounds can be considessda mixed type inhibitor with predominance anodic af3i®h

Table 2:Electrochemical data evaluated from Tafetl LPR methods fonetalin 1 M HCIl with andwithout
AAEO at 303 K.

AAEQO concentration Tafel data LPR data
-1 -
/ g L Ecorr lcorr 'ﬂc NTafel Rp Hs&G
mVikce uA cm’ mV ded % Q.cnf %
Blank -479.51 623.73 168.5 - 59.4 -
0.5 -451.12 182.38 210.5 70.75 226 73.71
1 -448.08 126.47 207.1 79.72 307 80.65
1.5 -436.95 122.17 211.6 80.41 311 80.90
2 -439.67 111.68 206.2 82.09 344 82.73

As seen from Table E.wasdisplacedtdesspositive potential whileir was displacedtahe lower current
density regionlt has been reported in the literattihat inhibitor can be classified asamodic orcathodic type
when the displacement HE.is superior to 85mVsce with reference to the uninhibited solution, otherwise
inhibitor is consideredas a mixed typeFrom Table 2 maximum displacementBg,; value was around 43
mVsce and the cathodid afel slopeg.values show a slight change with the addition of AABH®Be small
variation off., andthe parallel cathodic Tafel linege shown in Figire 5 suggesthat the hydrogen evolution
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reaction isundegactivation contol. These results indicatiat essential dalct as corrosion inhibitogtardshe
cathodic and anodicreactisand blocking the active siteby getting adsorbed on the metal surfd8dg¢That
way, the surface arezf mild steel accessible for*Hons arereducedwhi the actual reactio mechanisnstays
unaffected].For that reasgnthe addition of essential oileduces the anodic dissolution and aletards the
cathodic hydrogen evolution reaction, designating that AAEO exhibit anodic and cathodic inhibition effe
[35]. Consequently AAEO can be classified as mixdgpe inhibitor with anodic predominance eff2f].
Besides nratel Valuesincreased with increase in AAEO concentration reath@&2.09% at only 2 L andit is

in agreement withyy, givenbygravimetrianeasurements.

The LPR experiments were usedigaorethe effectof the electrodesurface changes whidanhappemuring

PP at higher ovepotentials in thgotentiodynamistudy{37].The inhibitionefficiency 5ssc % of AAEO on the
electrodein the aggressivaedium (1M HCl)was also studied using LPR technique. It is clear from Table 2
which R, considerably increasesth therisingin AAEO concentrationjeachego 344 ( cnfin presencef 2 g

L of inhibitor, while it isonly 59.4( cn? for theblanksolution.Besides, the increase iy values, suggests the
development of adsorption phenomenon of AAEO compounds on the metal surface and blocking the su
against the corrosive attack more efficier{®g]. Moreover the agreement betweersc and nrae@re pretty
goad.

3.4. EIS study

For obtained more information concerning the kinetics of mild steel processasanthneously the surface
properties of the studied systems, EIS measurements wereFigged. 6 shows the obtained Nyquist and Bode
diagramsof metaln aggressivesolution M HCI) in the presenceand absenceof various concentrations of
essential oil.
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Figure6:Complexplane impedance diagranmisyquisfof amild steel in 1 M HCI containing different
concentrations of AAEO.

It is clearlyapparentin Figure6 that EIS response of metal electrodecamrosivesolution was considerably
modified after the additiorof AAEO concentratioa Moreover,the ElSpectran presence of inhibitoincrease
with an increase IAAEO concentration, which indicates thmmeliorationin protection effect on metal
corrosionsurface Indeed, theEIS spectra in the Nyquist diagréliastration one depressed capacitive loop at
high frequency (HF) range and oemall inductive loop at low frequency (LF) range. The same behavior is
shown in the literaturg30,39] At this point, thedepressechpacitive loop was associated to charge transfer
resistancen corrosion process and time constant of the electric doublptfilmSo that the depressed form of
the caacitive loop reflects the surface inhomogeneity of interfacial ari@n the other hand, themall
inductiveR,-Lloop can berelatedto the relaxationof adsorbedspecieslike H'.gs andClags on mild steel
surfac¢35]. Indeed,it perhapassociatedo the redissolution of the passivated surface atRiuFthermore, dr

EIS spectra two equivalent circuitsodelswere utilizedto fitting the experimentatesults(Figure 7). In this
equivalent circuits modBlis the solution resistance, CR&the constant phase elemeRijs the polarization
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resistance R= R;+R; corresponds to the charge transfer resistaBesidesesistanceR, and nductivity
Lmight be associatedwith a slow LF processBest fitingof expenmental resultss obtained utilizing the
equivalent circuits models given Figure .7[41]. Moreover, CPHutilized to elucidatethe depression of the
capacitance semicircle, which corresponds to surface inhomogeneity resulting from ekatfacke roughness,
dislocationsimpuritiesformation ofa porous film, adsorption ahhibitorq35].

(a) (b)

Rs CPE Rs CPE
> N

7
R1 R2

Figure 7:The equivalent circuits utilized for the fitted EIS spectra.

-

For characterization of depresssmicirclesa CPE was utilized according the following Equation 5:
Zepp =0 x(jxw)™ (5)
whereQ is proportionality coefficienof CPE F s™), j is an imaginary number witff = -1,wis the angular

frequency in rad Bomas 2% %Fmay, Wherdnais the frequencyt which the imaginary part of the impedance is

maximal (zoi?n,mag andnrepresents the deviation from the perfect behgliem <1).

Thedouble layer capacitan@&y) can be mathematicallyalculated utilizinghe Equation §40]:

vl
c, -2 (6)
s 2
% 2"
Therelaxation time constarf}) can be calculatedtcordingthefollowing Equation?:
7=C,%xR, (7)

The EIS parameters and the quality of fittifgarepresenteih Table 3.

Examinationof data archived in Table 3 indicates that in the whole concentration rBRagecrease with

AAEO concentratiohis effect is correlated with the simultanedlisiinution of Cy.Moreover the value of

Qdiffersin a regular manner with AAEO concentratibiowever thedifferencesn Q andRmaybe associated

to the graduatlisplacementf H,O molecules by essential oil compounds on thid steel surfacethatOs swhy
conduct toreductionin the number of active sites essential for the corrosion ref®pn

Table 3:EIS parametersf electroden corrosive solutioni M HCI) containingdifferentconcentrations of
AAEO at 303 K.

Cinn Rs R, R; R.. Cu T 10°0 n L P a 22 s
gL? Qe Qenf Qcenf Qcenf uFcom? ms uF st H cm? %
Blank 1.42 61.15 - - 1131 0.0069 2.673 0.827 - -0.622 58.12 0.0017
0.5 2.37 201.3 19.06 61.15 46.63 0.0102 0.971 0.840 21.62 -0.692 62.90 0.0058 72.24
1 3.15 246.4 415 220.3 34.50 0.0100 0.692 0.844 38.31 -0.693 63.24 0.0031 78.75
15 5.16 314.4 28.43 287.9 34.17 0.0116 0.690 0.845 57.29 -0.704 61.92 0.0011 82.16
2 2.64 342.4 38.01 342.8 26.49 0.0100 0.514 0.859 86.23 -0.731 67.42 0.0021 83.92

Moreover the increase af value afteraddition AAEO in aggressive solution (0.89B59) when compared to
that achieved in the blank (0.827) can be explicated by sommeduction of the initial surface
inhomogeneity-However, the value gfobservedn theblankequal td.0069 sAfter addition of inhibitor in 1M
HCI resultsin an increasén ) value() =0.0116 sWwhich remainsapproximatelyunchangingAfter increasing of
essential oil,) becomesconsiderablyhigher which means slow adsorption process. Besides, the obtdined
values (0.0010.0058) in Table 3 indicates a good fitting to the proposed circuits models.
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Figure 8:Bode plots forelectrodan aggressive solutiorlM HCI) containingvariuousconcentrations of AAEO
at 303 K.

Figure8 exemplified the corresponding tBedeimpedance magnitude a@nelphase angle plots is clear from
the phase angle plots that tlséngle narrow peakdesignatea single) for the corrosion process at the mild
steelsolution interface in both cases. The increase in the akitkdesorresponds t@an additonal capacitive
response tahe mild steekolution interfacebecause tife presence agssential oicompounds at the interface
[10]. On theone hand, the ElSat HF limits = 10" Hz) associate the ohmicesistance ofhe adsorbefliim
andR.. Moreover at HFthe phase anglex) decrease quickly to Ojartie Bode impedance magnituded |Z|)
values tend t@ome neap zera Its correspondo solution resistanc®n the othehand at aniddlefrequency, a
linearrelation betweelog |Z| against. log with a slope of Bode impedanogagnitude plots¢) close to-1 and

a approaching te62j can be remarked (Table 3). A true capacitive behavior is rarely ebtgir90; andy =-
1). It is apparent from Fige8 atamiddle frequency thaipdiverge from-1 and the maximum of« diverge
from90j. These differentesultarerelaied tothe deviation from the true capacitive behavMpreover, i can
be associatedith therising of the standard rate constant of giretectivefilm dissolution[43,44] Similarly, the
regular approach af andg to the true capacitive values after the additioessfential oimay beassociatedith
decreasing the rate of a dissolution ofchsteel

The inhibition efficiencyygis % was determinedy Equation 8:

) EIS% — I(@yla‘t/inh ( Rct ?| 100 (8)
é Ruin  #

where Ryis the chargéransfer resistance values for 1M HCI Bgghis the chargeransfer resistance values
withdifferent concentration of AAEOThe values ofjgis % increase withincreasingconcentration oessential
oilarriveat 83.92% when essential oil concentration reaches 2 g L

3.5. Comparison of the overall results

Comparison of therotectionefficiencyy %valuesfor the examinedconcentration of AAECachievedby four
varioustechniques, namely gravimetrieP curves (Tafel and SternGeary extrapolatignand EIS techniques
for the metain aggressive solutiorl HCI) were realizedFigure9 shows histogramof all resultswhich can
identify the gapsvhen comparing the obtaingih values.
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Figure 9:Comparison of; % for 1 M HCI solution withvariousconcentrations oéssential oilachievedy four
various techniquest 303 K.

It is obvious from Figre9 that theprotectionefficiency s %, determinedrom all methodsllustratesa similar
tendencyands % is high at all concentratiorstudyof essential oilThe greatesj % wasdetectedn the case of
2 g L'of AAEO concentration (cca 100%).

3.6.Effect of temperature

It is clear that theemperature canhangethe interaction between the acid medium and the mild steel surfact
Moreoverthe effect of temperatureon tipeotectionefficiency of AAEO was also investigated by gravimetric
experiments in the temperature rangestB83 K in aggressive solutionl(M HCI) at 2 hours ofimmersion
timewith and withouessential oil.

Table 4: Weight lossdataof themetalcorrosionin absence and presenzie? g L** of essential odtudyat
varioustemperatures after 2 h of immersion period.

Temperature /K Corrosion rateW.,,,,/ mg h'cm? Ewi%
Blank AAEO
303 1.3567 0.2287 83.14
313 2.3217 0.4435 80.89
323 4.8517 1.1576 76.14
333 9.9035 2.6357 73.38
343 13.8185 4.0764 70.50
353 26.3414 8.4345 67.98

Inspection of results presented in Table 4 reveals\iafrise with rising temperatui@ absence and presence
of essential oil We likewisenotad that Ew,% depends on the temperatdtee diminution®of Ew % with the
increaseof temperature from 303 to 353 Kanbe interpreted in terraf physisorptiogharacteiof essential oil
compounds orthe mild steel surfaceHowever it is obvious that the gravimetric is circa 19 and 36 times
greater, at 353 K when compared to 303 K, in the blank pantective media, respectively. Though, it is
necessary to note that the presenceesdential oilslows down the averag®/. at all the investigated
temperatures, by 4 times by comparison to the blank solutlaneover Ew, % seems little sensitive to the
effect of temperature.

For the calculating thactivation parameters includiri,4S andAH for the corrosion reaction, the Arrhenius
equation andts alternative Equation named thiansition state equation wasmployedaccording to the
following Equations 9 and 10:
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corr (9)

- 10
corr N h ( )

whereE, is the activation corrosion energyis aconstantterm, Ris the universal gas constaiithe absolute
temperaturehis the PlankOs constaNis the AvogadroOs numbei” and 4S the enthalpy and entropy of
activation, respectively.

E.was calculatedfrom the slopes oln W,.ragainst/T providesstraight lines agxposedinFig.10. Moreovet
Figurellshows the plots dh (Wcorr/T) againstl/T of inhibitor atdifferent concentrations oéssential oil

Straight lines arecquiredwith a slope of {4H'/R) and an intercept dh(R/(Nxh))+ 4H'/R from which the
values of/H and4S aredeterminatgrespectively.
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Figure10: Transition stat@lots ofmetalin aggressive solutio(M HCI)in absence and preserzg L™ of
AAEO.
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Figurell:modified Arrhenius plois(Weor/T) vs. 1/Tin 1 M HClin absenceand presenc g L** of AAEO.

The corresponding results Bf E,, AH and4S are summarized in Table 5.

Table 5:Activation parameterB, Ea,AH*, AS for mild steel inaggressive solutioh M HCI with and without
2 g L' of AAEO.

Blank AAEO
Constant, P 1897114719 34964531538
/ mg cm? ht
E./ kJ mol* 53.15 64.95
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AH' kJ mot? 50.43 62.23
4S /I moltK? -76.37 -52.15

Figure10 showed thatll the linear regressisncoefficient &) is very close to unity. Popovi#5] has
mentioned that thdiminution of the protectionefficiency withincreasingof temperature, whickorrespondto

a higher value oE,, when compared to that the blank, isconsideredas an indication of physisorption. From
Table 5, we remark th&t, changs slightly with AAEO. The higher value dE, andP in essential oil presence
when compared to that in the blank are explained with the processing of specific interaction between AAEQ
the mild steel surface. On the other hamtH'it is positively reflecting the endothermireaction of
metalcorrosiomprocesg25] and indicated that the dissolutionmgtalwasslow in the presence of AAH@S].
Consequently4S in with and withoutof essential oiwas larger and negative. However, this result suggest:
that adiminutionin disorder taks placemove pas$rom reactant to the activated comp[e®].

3.7. Adsorption isotherm

For obtained additional knowledgeoncerninghe mechanismof adsorption of AAEO on the mild steel, the
experimentaldatahave beerinvestigatedwith variousadsorption isothernjé7]. However, the adsorption of
AAEQO compounds at the mild stemdfgressivesolution (1M HCl)interfacénvolves of thesubstitutionof H,O
molecules by essential oil compounasich can be expressed Bguation 1)[2]:

Comsol) + xHZO(adS) < Comads) + xHZO( (12)

whereComsgjisthe essential odtompoundsontainingin theaggressive solutiorCom,gs)is AAEO compounds
adsorbed onthe mild steelsurface andx is thenumeralof H,O moleculesdisplacecby AAEO compounddhe
experimental data were fitting to a somettu adsorption isotherms, i.e., Langmuiiii-Awady, Flory-Huggins,
Temkin, Freundlich, and Frumkinlt is noted thatthe surface coveraged)( values are obtained from
gravimetrigpotentiodynamic polarization methods (Tafel, Stern & Geary), and EIS measuremeatsoas
concentrations oéssential oilaccording to the following Equatidr®:

sol)

g =% (12)
100
Indeed @ is associatedo the essential oitoncentratiorCiy, via the Equationg7,48861]:
; h —_1 +C

Langmuir ;o K. inh (13

El-Awady |Og§2ﬁf: ylogK 4 +ylogC,, (19
'I n

Flory-Huggins log(——) =logK 4, + xlog" /) (15)
inh

Temkin #=" L1nK ! L1nC (16)

- 21 3 ads 21 3 inh
Freundlich In/ =InK_, *+zInC,, (17
lll / 0
Frumkin In th' p éo: "InK_, +2d/ (18)

where xconstitutesa measure of thealue of adsorbedH,0 molecules replaced by a given AAEO molecules.
1/ygives the number dfl,O molecules removed by 1 compound of essentialZisl.the parameter describing
the nature of mild steel/medium interfageherdd<z< 1. The parameteamndirepresent the interactions factors
among adsorbed molecules (these interaction parameters may be positive or aegatiez0 indicates
repulsion forcea or d >0shows the lateral attraction among adsorbed organic molecules.
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Figurel2: Langmuir isotherm model afssential oibnto the mild steedt 303Kobtained from four undertaken
methods

The experimentalesultsandthefitting datawereobservedn Figure.12. To select the isotherm that good fit to
experimental result$®? was utilized.The best fitting was calculated with the valueRffeachego 0.999and
thefitted line givesa slop very close to one, whicuggestshat the experimental resultarobtairby Langmuir
isothernj27]. This isotherm postulates thie energy of adsorption is independent@nd ifs no interaction
among the adsorbeztbmpoundscontainedin the essential oilMoreover Langmuir isothermacceptsthat the
mild steel surface contains a fixed numbemdsorption sites, and each holds one adsorbed spéciedt is
essential to note thétteinvestigation of the adsorption isothemomportmentutilizing ecofriendly inhibitors

in terms of thestandard Gibbs energneroadg value, isimpossiblebecause theompoundtotal of AAEO

isurknown. different researchef,9,38,50] in theirinvestigationon acid corrosion witlecofriendly inhibitors
notedsimilar limitation.

Conclusion

Chemical and electrochemiaataminationising AAEO ascaofriendly corrosion inhibitorconcludedhat:

1.! Theprotectionefficiencyrisewith therisingof AAEO concentration reachés 83.92%, budiminutions
with therise of temperature.

2! SEM examination of the mildsteel surfasepportedvell the presencef protective adsorbed film

3. Theadsorbed filmblocksthe reduction ohydrogenionsand protectthe mild steel against corrosiam
1M HCI.

4! Tafel polarization revealed that AAE&Etsasa mixed type inhibitor

5. Nyquist curvesfor AAEO concentrationgontaineda capacitiveloop at HF follow up by a small
inductive loop at.F and thebesequivalent circuit was used for fitting the experimental data.

6. The protectionefficiency obtainedfrom different measurements such gsavimetric Tafel, LPR and
EIS are in good agreement and in similar trends.

7.! Theconstanterm and the apparent activation energy value consideiradriyasedafter additionof the
essential ojlsuggesting that AAEO undergaasysisorptiomechanisrmon the metal surface
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